The hooked element in the pes of turtles was historically identified by most palaeontologists and embryologists as a modified fifth metatarsal, and often used as evidence to unite turtles with other reptiles with a hooked element. Some recent embryological studies, however, revealed that this element might represent an enlarged fifth distal tarsal. We herein provide extensive new myological and developmental observations on the hooked element of turtles, and re-evaluate its primary and secondary homology using all available lines of evidence. Digital count and timing of development are uninformative. However, extensive myological, embryological and topological data are consistent with the hypothesis that the hooked element of turtles represents a fusion of the fifth distal tarsal with the fifth metatarsal, but that the fifth distal tarsal dominates the hooked element in pleurodiran turtles, whereas the fifth metatarsal dominates the hooked element of cryptodiran turtles. The term 'ansulate bone' is proposed to refer to hooked elements that result from the fusion of these two bones. The available phylogenetic and fossil data are currently insufficient to clarify the secondary homology of hooked elements within Reptilia.
Introduction
The phylogenetic position of turtles within Tetrapoda remains one of the most controversial issues in vertebrate systematics. Although nearly every possible placement has been posited for turtles relative to the six primary crown clades of Tetrapoda within the last two centuries (i.e. a sister group relationship to Amphibia, Mammalia, Sphenodon punctatus, Squamata, Aves and Crocodylia, and many combinations thereof, see Joyce & Gauthier, 2004 for summary), the debate has focused on three primary hypotheses within the clade Reptilia in the last 20 years. Molecular data (e.g. Cao et al. 2000; Hugall et al. 2007; Shen et al. 2011; Tzika et al. 2011; Chiari et al. 2012; Crawford et al. 2012; Shaffer et al. 2013; Wang et al. 2013) typically favour a placement of turtles as sister to Archosauria (= Aves + Crocodylia), but a recently compiled set of micro RNA data ) firmly place turtles as sister to Lepidosauria (= S. punctatus + Squamata). From a morphological perspective, there is an almost complete lack of support for a relationship of turtles with archosaurs (Rieppel, 2000) , despite earnest attempts to find possible synapomorphies between the two groups (e.g. Bhullar & Bever, 2009 ). Instead, comprehensive, morphological studies regularly find evidence for placement of turtles either as sister to Lepidosauria (e.g. deBraga & Rieppel, 1997; Rieppel & Reisz, 1999; M€ uller, 2004; Li et al. 2008) or among basal reptiles as sister to Sauria (= Archosauria + Lepidosauria; e.g. Gauthier et al. 1988; Laurin & Reisz, 1995; Lee, 1997a; Werneburg & S anchez-Villagra, 2009; Lyson et al. 2010) . Most morphological data sets do not provide particularly strong support for either one of these two competing topologies, and the simple addition or omission of characters and/or taxa will often remove turtles from or return turtles to Diapsida (e.g. Rieppel & Reisz, 1999; Lyson et al. 2010) . Given the lack of strong data that support either one of these two competing hypotheses, it is clear that every morphological character is important in helping to resolve the origin of turtles, and much attention has therefore been given to identifying 'key characters' that might help resolve this issue (e.g. Lee, 1996; Rieppel & Reisz, 1999; Joyce et al. 2006; M€ uller et al. 2011; Lyson & Joyce, 2012; Werneburg, 2013a,b; Lyson et al. 2013; Lyson et al., in press ).
The hind foot of all living groups of reptiles, with the exception of birds, is characterized by the absence of a fifth distal tarsal and the presence of an L-shape element called the 'hooked fifth metatarsal', which was utilized by Goodrich (1916) and Broom (1924) to unite the clade 'Sauropsida' relative to various extinct, mostly Palaeozoic, amniote lineages with a fifth distal tarsal and a straight fifth metatarsal. All recent phylogenetic analyses agree with the primary homology assessment of Goodrich (1916) and Broom (1924) , although the resulting topologies either confirm that the hooked bone is a synapomorphy of crown Reptilia (e.g. Rieppel & Reisz, 1999) or that the hooked bone of turtles evolved independently from that of Sauria (= Lepidosauria + Archosauria; e.g. Gauthier et al. 1988; Laurin & Reisz, 1995; Lee, 1997a,b) .
Embryologists have historically scrutinized the primary homology of the hooked fifth metatarsal by studying centres of chondrification and ossification (e.g. Rabl, 1910; Goodrich, 1916; Sewertzoff, 1929; ; Holmgren, 1933; Burke & Alberch, 1985; Rieppel, 1993a) , but none of these traditional studies found any data that would contradict the primary homology of the hooked element ascertained by palaeontologists. However, two recent papers on the development of extant turtles (Sheil & Portik, 2008; Fabrezi et al. 2009 ) report observations that would indicate that the hooked element of turtles actually represents the extremely enlarged and hooked fifth distal tarsal. Earlier authors have historically referred to the hooked element as the fifth distal tarsal as well, particularly when describing fossil material (e.g. von Meyer, 1839a,b; Jourdan, 1862; Boulenger, 1889; Case, 1939) , but these identifications appear to be casual mistakes and do not mirror primary or secondary homology hypotheses based on data or deep conviction. The ideas of Sheil & Portik (2008) and Fabrezi et al. (2009) can therefore be thought of as novel. This new hypothesis has gone uncontested to date (e.g. de la Fuente & Fern andez, 2011; Vieira et al. 2011) , although some authors prefer retaining traditional nomenclature by continuing to refer to this element as the hooked fifth metatarsal (e.g. Delfino et al. 2010 ). Nevertheless, a distal tarsal identity of the hooked element has important phylogenetic repercussions, because it favours placing turtles among early amniote groups with a fully developed fifth distal tarsal (e.g. various parareptilian or early diapsid groups). By contrast, if a distal tarsal identity is correct, most placements of turtles within crown Diapsida, as either sister to lepidosaurs or archosaurs, demand the unparsimonious and implausible straightening of the fifth metatarsal, regaining of the purported fifth distal tarsal, and the subsequent hooking of the fifth distal tarsal, as most lepidosauromorphs and all archosauromorphs reportedly have a hooked metatarsal and only four tarsals (see Discussion).
We identify five lines of evidence that have been used to assess the primary homology of the hooked element: myology; mode of ossification/recapitulation; timing of development; digital count; and the fossil record combined with general morphology and topology. The purpose of the present contribution is to report new data on myology and ossification patterns among extant turtles, and to systematically review the primary homology (Remane, 1952; Patterson, 1988; de Pinna, 1991) of the hooked element using all five lines of evidence. Although we believe that congruence is the ultimate arbiter of secondary homology (e.g. Nelson & Platnik, 1981; Rieppel, 1988; Joyce & Sterli, 2012) , the controversial placement of turtles makes it impossible to fully resolve the secondary homology of the hooked element. Given that we ultimately conclude that the hooked element of turtles represents a composite element consisting of the fifth distal tarsal and the fifth metatarsal (though with unclear primary and secondary homology to the hooked element of other tetrapods), we herein use the term 'hooked element' when wishing to remain homology neutral, but otherwise suggest the new term 'ansulate bone' [= 'Knochen S' (bone S) of Ogushi, 1911] or 'ansulate' (from Latin ansula = hook) when wishing to express that this bone is the result of fusion.
Institutional abbreviations are as follows: AM = Albany Museum, Grahamstown, South Africa; BPI = Bernard Price Institute for Palaeontological Research, Johannesburg, South Africa; IVPP = Institut for Vertebrate Paleontology and Paleoanthropology; MCZ = Museum of Comparative Zoology, Cambridge, MA, USA; NHM = Natural History Museum, London, UK; PIMUZlab = S anchez-Villagra Laboratory Collection, Pal€ aontologisches Institut und Museum der Universit€ at Z€ urich, Switzerland; SAM = South African Museum, Cape Town, South Africa; SKLK = Shigeru Kuratani Laboratory Collection, RIKEN Institute for Developmental Biology, Kobe, Japan; SMNS = Staatliches Museum f€ ur Naturkunde Stuttgart, Germany; YPM = Yale Peabody Museum, New Haven, USA.
Materials and methods

Neontological observations
To investigate the mode of ossification of the hooked element of extant turtles, we re-analysed the cleared and double-stained embryological series of Emydura subglobosa [PIMUZlab 2009.02 Kuratani (1987 , 1989 , 1999 ) and S anchezVillagra et al. (2007b . All of these specimens had previously been stained with Alizarin Red against calcified structures and with Alcian Blue against cartilaginous structures using standard protocols (Dingerkus & Uhler, 1977) . In addition, we re-analysed the histological serial sections of single embryological specimens of Chelodina longicollis [PIMUZlab 2012.IW18 (CL = 11.8 Compared with the cleared and double-stained series, the histological specimens only represent a snapshot in ontogeny (i.e. one developmental stage) of each species. As such, the information gathered from them can only provide indications regarding global developmental patterns based on specific anatomical details. All anatomical compartments are nevertheless present in histological sections, which allows comparing points of muscle insertion and accurately assigning bone microstructure. We finally prepared, cleared and stained specimens of Pelodiscus sinensis [PIMUZlab 2012 .IW25 (CL = 13.9 mm), 2012.IW26 (CL = 18.8 mm), 2012.IW27 (CL = 14.4 mm), 2012.IW28 (CL = 17.2 mm), 2012.IW29 (CL = 16.3 mm)], but only using Alizarin Red to avoid potentially dissolving minute ossifications by the acids in the Alcian Blue. The myological data were derived from a literature review on turtle and tetrapod hind limb musculature with a focus on classical studies such as Ribbing ( , 1938 and . We herein follow the recommendations of Werneburg (2011) in regards to muscle terminology: (i) muscle origins are defined as being situated proximally/tibially; (ii) muscle insertions are defined as being placed distally/fibularly; and (iii) muscle numbers are assigned to the most differentiated muscular structures (see Appendix 1) . For simplicity, however, we refrained from addressing muscular structures as muscular units sensu stricto (Werneburg, 2011) , because this approach would demand a more comprehensive literature review. Hence, the term 'muscle' represents a nomenclatural simplification adjusted to the scope of the present study.
Palaeontological observations
To determine the number of tarsal bones and whether or not a hooked element was preserved in fossil stem members of various groups, we analysed the following specimens: stem Amniote - 
Results
Myology
The most comprehensive overview of the lower hind limb musculature of living tetrapods is presented in the monographs of Ribbing ( , 1938 . More detailed studies have since been undertaken for turtles (e.g. Zug, 1971; , lepidosaurs (e.g. Robinson, 1975; Hoyos, 1990; Russel & Bauer, 2008) , crocodilians (e.g. Brinkman, 1980; Carrano & Hutchinson, 2002) and birds (e.g. George & Berger, 1966; Hutchinson, 2002) . We herein only intend to summarize general patterns that relate to the hooked element in all reptilian taxa with a fully developed fifth digit (i.e. turtles, lepidosaurs and crocodilians). However, given that it is beyond the scope of this paper to comprehensively review the pedal musculature of amniotes or to revise the primary homology of muscles among various groups, we follow the proposed primary homologies of Ribbing ( , 1938 because he is the only author to employ an internally consistent set of homology criteria (i.e. origin, insertion, fibre course and innervation patterns) across Tetrapoda. To avoid confusing the reader with long lists of muscle names, we substitute muscle names with numbers in the text and the figures (sensu, Werneburg, 2011) . The muscular structures of the turtle pes are schematically illustrated in Fig. 1B ,C. A list of synonyms is provided in Appendix 1.
Following Zug (1971) , who studied cryptodires, and , who summarized most of the then-available turtle literature, up to 10 muscular structures attach to the hooked element in turtles (i.e. muscles 1-3, 9, 11, 15-16, 22-23, 33) . Although some variation is apparent among taxa, our revision of the literature reveals that a similar set of muscular structures (i.e. muscles 1-4, 9, 15-16, 22-23) inserts onto the hooked element of other reptiles .
Mode of ossification and recapitulation
Pleurodires
We observed small endochondral ossifications (i.e. replacement ossifications) in the hooked element of cleared and double-stained specimens of Emydura subglobosa (Fig. 2E,  F) . This corresponds to the observation of Fabrezi et al. (2009) for Podocnemis unifilis, and of Vieira et al. (2011) for Podocnemis expansa. In addition we also discovered a distinct perichondral ossification along the distal half of the hooked element in histological sections of an early specimen of E. subglobosa (Fig. 1K ). This perichondral ossification, however, is almost invisible in cleared and stained E. subglobosa specimens (Fig. 2E,F) . We suspect its putative absence is an artefact of using Alcian Blue to stain specimens, because this dye is slightly acidic and may therefore dissolve small ossification centres. The perichondral portion of the hooked element starts to ossify in the serial sections at the same time as metatarsals I-IV (Fig. 1K ). Later in development, the perichondral ossification expands and appears to overlap with the endochondral ossification (Fig. 2F) . A dense cartilaginous epiphysis develops distally on the hooked element of E. subglobosa, which resembles the distal epiphyses of metatarsals I-IV (Figs 1F,K and 2F).
Our study of the available histological sections of Phrynops geoffroanus confirms the original findings of S anchez- Villagra et al. (2007a) that the hooked element contains two separate anlagen (Fig. 1L) . The proximal part of the hooked element ossifies endochondrally, whereas the distal part ossifies perichondrally.
Serial embryological sections of Po. unifilis ( Fig. 1E-F) , the same species studied by Fabrezi et al. (2009) , show a fusion of two cartilaginous parts within the hooked element. Compared with Ph. geoffroanus, the proximal, endochondral portion is much larger relative to the distal, perichondral part (compare with Fig. 1A ). The distal, perichondral part again forms a dense cartilaginous epiphysis similar to the distal epiphyses of metatarsals I-IV. The distal portion furthermore serves as the lone insertion point for the common tendon of muscles 1-2 and 22/23 (the mm. gastrocnemius/ peroneus complex, Fig. 1F : indicated by an asterisk).
Cryptodires
We analysed two series of Pelodiscus sinensis embryos, of which one is double-stained with Alcian Blue and Alizarin Red, while the other is only stained with Alizarin Red. In one single-stained specimen (PIMUZlab 2012.IW25), we documented a weak ossification in the tarsal region in a stage of early ossification of metatarsal I-IV (Fig. 3D-F) . At this stage, no ossifications are apparent in the tarsal region in double-stained specimens (Fig. 3B ). An endochondral ossification (i.e. replacement ossification) is apparent within the tibioproximal portion of the hooked element where the hooked element forms its articulation with an element formed by a fusion of distal tarsal 4 and a centrale Fig. 3A) . We can exclude identifying this ossification as belonging to the fused distal tarsal 4/centrale element due to spatial relationships (compare Fig. 3F with Fig. 3A) . A similar endochondral ossification cannot be found in any of the double-stained specimens of Pe. sinensis. As development proceeds, the hooked element appears to ossify perichondrally from the fibular side ( Fig. 3L-P) , just like metatarsals I-IV (Fig. 3K ). The hooked element of Pe. sinensis shows evidence of rotation given that the cylindrical perichondral collar is arranged at an angle of approximately 90°relative to those of metatarsals I-IV ( Fig. 3G-J) . The fibular part of the distal epiphysis serves as the insertion site for muscles 1-2 and 22/23 (mm. gastrocnemius/peroneus complex), and thereby forms a prominent process that contributes to the hook shape of the bone ( Fig. 1D -H, K-M). The tibial side of the distal epiphysis is expanded and serves as the articular surface for the remainder of digit V ( Fig. 3K-P) .
We also observed a distinct, lightly stained cartilaginous disk-like structure on the proximal side of the hooked element in double-stained embryos of Pe. sinensis, which had not yet ossified their hooked element (Fig. 3B ). Complete removal of the hooked element from the foot revealed that it actually consists of two connected cartilages: a narrow proximal element that contacts distal tarsal 4 and metatarsal IV, and a broad distal element that does not contact any element of the fourth digit (Fig. 3C ). The proximal element has the same topological position as the early endochondral ossification that was apparent in the specimens stained with Alizarin only, and we therefore interpret it as the same element. The large distal element, by contrast, appears to correspond to the part of the hooked element that ossifies perichondrally in other specimens. These two cartilages Proposed primary homology of pedal elements during the embryological development of Emydura subglobosa (Pleurodira) and Caretta caretta (Cryptodira). All images were taken in dorsal view and all specimens represent right pes, with the exception of (G and H), which is a left pes that was mirrored for easier comparison. Stages are defined in . (A and B) E. subglobosa, CL = 13.5 mm; (C and D) E. subglobosa, CL = 22.93 mm, SES-stage 13; (E and F) E. subglobosa, CL = 79.2 mm; (G and H) C. caretta, CL = 27.8 mm (mirrored); (I and J) C. caretta, CL = 26.6 mm. Abbreviations: I-V = first to fifth pedal digit; 2nd = second element of toe-V; an = ansulate bone (i.e. fused fifth distal tarsal and fifth metatarsal); de-mt-V = distal epiphysis of metatarsal-V; dt = distal tarsal; f = fibulare (calcaneum); fi = fibula; he = hooked element; i = intermedium (astragalus); mt = metatarsals; ph = phalanx; ti = tibia. Arrows indicate tibial direction. Scale bars: 0.5 mm (A, H); 0.25 mm (B, D, F); 1 mm (C, E, G, I, J).
cannot be distinguished from one another later in ontogeny (Fig. 3K) .
The perichondral ossification of the diaphysis of the hooked element later covers the epiphyses, resulting in an almost completely ossified hooked element in the adult (Fig. 3A) . The above-mentioned processus articularis of the distal epiphysis remains cartilaginous in adults (Ogushi, 1911) and articulates with the remainder of digit V. The opposite process (i.e. the 'hook') serves as the insertion site for muscles 1-2 and 22/23 (the gastrocnemius/peroneus muscle complex), and may ossify separately from the perichondral diaphysis expansion ( Fig. 3N-P The double-stained loggerhead embryos (Ca. caretta) studied herein show a tiny perichondral ossification in early development (Fig. 2G,H) that develops from the tibial side and appears to expand rapidly ( Fig. 2I,J ; see also Wyneken, 2001, fig. 90 ). An endochondral ossification was not found in the hooked element of Ca. caretta, but distal tarsal 4 shows a distinct fibulodistal chondrification area, which articulates with the hooked element and that may represent distal tarsal 5 ( Fig. 2G-J) . The available embryonic material of Chelonia mydas, by contrast, displays simultaneously occurring peri-and endochondral ossifications in the hooked element (Fig. 1I,J) .
In an embryo of the dessert box turtle Terrapene ornata, we found the endochondrally ossifying proximal part of the hooked element in the process of fusing with the large unossified part of the hooked element (Fig. 1M,M1-M8 ). In an older embryo of the same species, only a perichondral ossification is visible covering the distal half and the proximal-most part of the hooked element (Fig. 1H) . The subsequent presence of endochondral and perichondral ossifications further supports the double identity of the hooked element. Finally, and similar to Pe. sinensis, an approximate 90°rotation of the perichondral collar relative to those of metatarsals I-IV is visible in this specimen, as is the broad insertion of the gastrocnemius/peroneus muscle complex (no. 1-2, 22/23) along the fibular side of the hooked element (Fig. 3H ).
Discussion
Our review of the available literature (Sheil & Portik, 2008; Fabrezi et al. 2009 ) allows us to identify five lines of evidence that can be used to assess the primary homology of the hooked element: myology, mode of ossification/recapitulation; timing of development; digital count; and the fossil record combined with general morphology and topology. We summarize each line of evidence, and discuss insights gained from taking a more global approach to primary and secondary homology (Fig. 4) .
Myology
Of the 10 muscles that attach to the hooked element of turtles, all but two (muscles 11 and 33) also attach to the hooked element found in other reptiles. In addition, of the nine muscles that attach to the hooked element in other reptiles, all but one (muscle 4) attach to the hooked element of turtles as well. Similarity in muscle connectivity patterns therefore clearly supports the primary homology of the hooked element among reptiles. Fabrezi et al. (2009) nevertheless concluded using myological evidence derived from the pleurodire Podocnemis unifilis (i.e. our muscles [1] [2] [3] [4] 22) that the hooked element of turtles is the fifth distal tarsal. Considering that we ultimately arrived at a conclusion contrary to that of Fabrezi et al. (2009) , we felt obliged to review the primary data and rationales used by Fabrezi et al. (2009) to support the distal tarsal identity of the hooked element. Fabrezi et al. (2009) first observed that muscle 22 (m. peroneus anterior) and muscle 1-2 (m. gastrocnemius complex), muscles of the crus, attach to the fibular and dorsal surface of the hooked element 'proximal' to the distal tarsal/metatarsal joint in the turtle Po. unifilis, but that the homologous muscles (i.e. mm. peroneus brevis, peroneus longus and gastrocnemius) of the lizard Liolaemus multicolor attach to a secondary ossification centre (plantar tubercle) on the hooked element 'distal' to the tarsal/metatarsal joint. Given that the same muscles purportedly insert proximally and distally to the tarsal/metatarsal joint, Fabrezi et al. (2009) argued that the hooked bones cannot be primary homology. We generally agree with the primary homology of the muscles involved in this argument, but question the rationale used to justify primary non-homology. The argument of Fabrezi et al. (2009) is elegantly formulated to pertain to topological differences in the insertion of muscles 1-2 and 22, but is false in assuming a priori that the hooked element is a distal tarsal in turtles but a metatarsal in lizards. This creates the illusion of topological differences in the insertion points of the relevant muscles relative to the presumptive tarsal/metatarsal joint. In fact, muscles 1-2 and 22 insert onto the same bone, the hooked element, in all reptiles and therefore actually support the primary homology of the hooked element among reptiles. Fabrezi et al. (2009) and inserts onto the fibular side of the first phalanx of digit V. By contrast, the same ligament attaches to the hooked element in the lizard L. multicolor. If the insertion point of this ligament is thought to be primary homologous, one must therefore conclude that the first phalanx of digit V of turtles is primary homologous with the hooked element of lizards and actually represents a metatarsal.
This line of reasoning is correct in principle, but somewhat contradicted by the fact that the vast majority of the gastrocnemius muscle complex (muscle 1-2) actually attaches to the hooked element in turtles and lizards (see above). A more global approach reveals that the condition reported by Fabrezi et al. (2009) for Po. unifilis may not be representative for all turtles. A ligament of the gastrocnemius muscle complex that attaches to the first phalanx of digit V has never before been described for any other turtle in the extensive body of turtle hind limb literature (e.g. Hoffmann, 1890; Zug, 1971; . Four possibilities exist that can explain this conflict in the primary data. It is firstly possible that Fabrezi et al. (2009) were simply confused and misidentified the insertion site of muscle 5 (m. lumbricales), which inserts onto the penultimate phalanx of most reptiles . If this re-interpretation is correct, the observations of Fabrezi et al. (2009) actually support the metatarsal identity of the hooked element of turtles, given that the alternative unparsimoniously requires moving the insertion of muscle 5 onto the metatarsal.
The second possibility is that Fabrezi et al. (2009) correctly identified a split in the insertion points of muscle 1-2, but a more global context removes the significance of this observation. The muscle 1-2 complex of turtles usually has two muscle heads, one originating on the femur and the other on the tibia. According to , a complete separation of muscles 1 and 2 has so far only been documented for the trionychid Pelodiscus sinensis among a large sample of turtles (together as muscle no. 137 or 'm. flexor digitorum longus sublimes' of Ogushi, 1913, p. 130) , although both heads nevertheless continue to insert distally onto the hooked element, which is the plesiomorphic condition. Given that no other turtle, including no other trionychid, has to date been shown to have separate insertion points for muscle 1-2 (e.g. Hoffmann, 1890; Zug, 1971) , the separate insertion points identified by Fabrezi et al. (2009) for Po. unifilis are better interpreted as an autapomorphy of that taxon, perhaps in response to the need to further spread the webbing between the fourth and fifth toes (Walker, 1973, p. 88) . If this interpretation is correct, then the muscle pattern observed by Fabrezi et al. (2009) must be viewed as an autapomorphy and has no bearing on the primary homology of the hooked element. Fabrezi et al. (2009) finally utilized information from the interdigital muscles to support the distal tarsal identity of the hooked element in turtles. In particular, they stated that two muscles, 'mm. flexor digiti brevis et interosseum', span between metatarsal IV and the first phalanx of digit V in Po. unifilis, but that the same muscles (i.e. 'm. interosseum = m. intermetatarsale') span between metatarsal IV and the hooked element in the lizard L. multicolor. Assuming that these muscles attach to the same element in both animals, this observation implies that the second element of turtles is metatarsal V and that the hooked element of turtles is distal tarsal 5.
Walker (1973, p. 89 ) mentioned that there is "considerable confusion in the literature with respect to the intrinsic flexors of the foot." This confusion is perhaps a reason why Zug (1971) and did not discuss any muscles spanning between adjacent toes in turtles. The relevant book page describing this muscle is unfortunately missing in Hoffmann (1890, p. 120/121), while Ogushi (1913) referred to similar, homotypic muscles in the manus in his description of these pes muscles of Pe. sinensis, which is not detailed enough for our anatomical focus here. Some information is nevertheless available from the literature for the European pond turtle Emys orbicularis. Bojanus (1819-21, his muscle no. 122) and separately described muscles 12-15 (mm. interossei plantares) for this turtle. These four serial muscles originate separately from the fibial side of the metatarsal and of the first phalanx and insert onto the tibial face of the adjacent metatarsal. Ribbing (1909) described for muscle 15 (m. interosseus plantaris-IV/V), which spans between the fourth and fifth toe, a broad insertion onto the hooked element and the first phalanx of toe-V (also see Bojanus, 1819-21, plate V). Based on outgroup comparison with other reptiles, a metatarsal/first phalanx to metatarsal course of muscles 12-15 is the plesiomorphic condition among reptiles (see Appendix 1) . It therefore appears that the plesiomorphic condition is still present in turtles with relatively long hooked elements , such as in E. orbicularis (Bojanus, 1819-21, plate V) , but that muscle 15 is forced to shift to a more distal element in turtles with a reduced hooked element, such as Po. unifilis. The unique position of muscle 15 in Po. unifilis must therefore be viewed as an autapomorphy of this species and has no bearing on the primary homology of the hooked element.
In contrast to the 'm. interosseum' (muscles 12-15, see above), we are uncertain what muscle Fabrezi et al. (2009, p. 859 ) might be referring to under the name 'm. flexor digiti brevis', a muscle that is purportedly fused to or runs parallel to muscle 15. Did they mean, by lingual similarity, a bundle of the serially arranged muscle 6 (mm. flexor digitorum communis sublimis), which usually arises from the plantar surface of muscles 3-4 (mm. flexores accessories) and attaches with four muscle heads to the proximal phalanges of the first four toes? Or did they mean muscles 29-32 (the extensor side muscles: mm. interossei dorsales), which are usually restricted to the first four toes and separately span between the distal tarsals and the adjacent metatarsals (e.g. from distal tarsal 4 to metatarsal-IV; . A separate extensor side muscle of the fifth toe (muscle 33: m. interosseus dorsalis of toe-V) has to date been reported autapomorphically only for the trionychid Lissemys punctata (Zug, 1971) . In either case (muscle 6 or muscle 33), the observations of Fabrezi et al. (2009) in Po. unifilis would have no bearing on the primary homology of the hooked element, because a global view using data from Zug (1971) and revealed that a muscle 6 spanning between the fourth to fifth toe would be autapomorphically misplaced and that a muscle 33 spanning between the fourth and fifth toe would be a convergent development in Po. unifilis.
The third possibility is that Fabrezi et al. (2009) might have meant muscle 5 (m. lumbricales) when using the term 'm. digiti brevis'. Muscle 5 inserts with separate muscle heads onto the tibial sides of the penultimate phalanges of toes-II, -III, -IV and -V. However, according to , muscle 5 originates from the dorsal surface of the plantar aponeurosis, which in turn is formed by muscles 3-4 (m. flexor digitorum longus), and not from beneath the metatarsals as shown by Fabrezi et al. (2009) . This third possibility therefore appears to be less likely.
The fourth and most plausible interpretation is that Fabrezi et al. (2009) identified muscle 9 (m. contrahentes digitorum of , which tendinously originates on the hooked element and inserts on the first phalanges of toes-I to -IV. created some additional confusion in the literature by summarizing several of the interdigital muscles described above as 'mm. interossei planares' (no. 9-15; apparently he mostly referred to no. 9; see Appendix 1). However, Fabrezi et al. (2009) did not refer to that study, and the condition of the muscular structures in that region of the toe actually seems to be very diverse among species and would need a detailed revision with additional dissected material.
The study of the musculature of turtle hind limbs is still in its infancy, and many questions remain regarding primary homology and variation. Our review of the muscle data presented by Fabrezi et al. (2009) resulted in a complete refutation of their hypothesis that the hooked element represents the fifth distal tarsal, as their lines of reasoning either turn out to be faulty or because a more global approach reveals that the observations they made for a single turtle, the pleurodire Po. unifilis, are autapomorphic for that taxon. It is therefore clear that muscle data should only be viewed more globally (i.e. with broad sampling and detailed anatomical observations) when assessing primary and secondary homology. Given that all other, more detailed studies of turtle hind limb musculature have identified a number of autapomorphic muscles for other turtles (e.g. Ogushi, 1913; , it is not surprising that Po. unifilis shows so many autapomorphic features. We therefore conclude that the available myological evidence favours the primary homology (Remane, 1952; Patterson, 1988; de Pinna, 1991) of the hooked elements found in extant crocodilian, lepidosaurs and turtles, and urge future authors to view muscle data in a global context.
Mode of ossification and recapitulation
Fabrezi et al. (2009) utilized mode of ossification as a criterion to resolve the identity of ossifications: distal tarsals are generally known to ossify endochondrally (i.e. through replacement ossification), whereas metatarsals ossify perichondrally. However, exceptions reveal that this is not universally true. For instance, the distal elements in the paddles of ichthyosaurs are known to ossify endochondrally (e.g. Caldwell, 1997) . It is reasonable to postulate that the paddles of these animals are comprised of podials only, but a change in ossification mode for the metapodials and phalanges appears more likely (e.g. Woltering & Duboule, 2010) . Genetic methods may provide useful insights into the problem of element identity. For example, in situ hybridizations of genes, which are expressed in early bone anlagen (e.g. Runx2: Ducy et al. 1997) or in joints (e.g. collagen type II: Nalin et al. 1995) , may be able to detect two skeletal elements in early development of the hooked element. However, under the absence of such external data and for the sake of simplicity, particularly among extant taxa, we utilize the identity criterion established by Fabrezi et al. (2009) for the moment to establish the primary homology of the hooked element of turtles.
Even though the body of literature pertaining to the embryological development of reptile limbs is extensive, surprisingly little detail has been accorded to the exact mode of ossification of the hooked elements, especially considering the possibility that this element may generally represent a fusion of a distal tarsal and metatarsal in all extant reptiles (Robinson, 1975) . Fabrezi et al. (2009) were the first to explicitly note that the hooked element ossifies perichondrally in lizards (see Rieppel, 1992a,b; Shapiro, 2002; Fabrezi et al. 2007 ) like all other metatarsals, and that the hooked element of the pleurodire Po. unifilis ossifies endochondrally like a carpal or tarsal element (Fabrezi et al. 2009 ). The endochondral nature of the hooked element was confirmed for other pleurodires by and Vieira et al. (2011) , respectively, and serves as the best line of evidence in favour of a distal tarsal identity of the hooked element.
Our observations on embryonic material indicate that the hooked element of most turtles (e.g. all but Ca. caretta) actually represent a composite bone consisting of the distal tarsal 5 and metatarsal V (sensu; Robinson, 1975 and after S anchez-Villagra et al. 2007a ). Our observations can be summarized as follows. First, we are able to observe in the early development of at least one cryptodire, Pe. sinensis, that the hooked element consists of two separate, tightly connected anlagen. The narrow proximal element and the broader distal element show the same connectivity to the surrounding tarsal and metatarsal elements as distal tarsal 5 and metatarsal V do in early reptilian lineages (e.g. Araeoscelis casei; Reisz et al. 1984 ). Second, we are able to confirm the observations of Fabrezi et al. (2009 and Vieira et al. (2011) that the hooked element of pleurodires exhibits endochondral ossification, and we are able to extend this observation for a number of cryptodires. The endochondral ossifications seen in pleurodires are relatively large compared with the full size of the hooked element, and endochondral ossification persists throughout ontogeny. On the other hand, the endochondral ossification seen in cryptodires is minute and only visible early in ontogeny. In both cases, however, the endochondral ossification is focused on the proximal part of the hooked element, an observation consistent with a distal tarsal origin of this part of the bone. However, epiphyses fail to develop in all pleurodires in the proximal part. Third, despite minor endochondral contributions, the hooked element of cryptodires predominately ossifies perichondrally from its fibular side and forms clear epiphyses, an observation consistent with a metatarsal origin of the fibular portion of this bone. However, a fine, fibular perichondral collar is also apparent in some pleurodire embryos (Fig. 1A) . We speculate that the weak acids present in Alcian Blue are sufficiently strong to dissolve the fragile perichondral collar in most pleurodires and that this perichondral part is lost in most double-stained specimens. Finally, the perichondral collar of the hooked element of cryptodires is rotated 90°r elative to the perichondral collars of metatarsals I-IV.
The available embryological evidence is consistent with the hooked bone of turtles phylogenetically originating from a fusion of the endochondrally ossifying distal tarsal 5 and the perichondrally ossifying metatarsal V. Distal tarsal 5 dominates the hooked element in pleurodires, and we cannot exclude the possibility that the metatarsal portion may perhaps be completely lost in some species (e.g. Podocnemis unifilis; Fabrezi et al. 2009; Vieira et al. 2011 ; but see Fig. 1E,F) . Conversely, metatarsal V dominates the hooked element of cryptodires, and it is possible that the distal tarsal portion may be lost on occasion or, as in Ca. caretta, be fused with distal tarsal 4. The dominance of the perichondral ossification is likely the reason why the metatarsal identity for the hooked element had not been doubted for turtles in traditional studies, as these mostly focused on cryptodires. Only with the recent emergence of studies on pleurodire development did the conflicting signal apparent in this taxon become apparent. However, once again, much confusion could have been avoided by a more global approach.
Timing of development
The large body of recent literature pertaining to the development of extant turtles placed much effort into densely sampling ontogenetic stages to clarify sequences of chondrification and ossification (Rieppel, 1993a; Sheil, 2003a Sheil, ,b, 2005 Sheil & Greenbaum, 2005; S anchez-Villagra et al. 2007a S anchez-Villagra et al. ,b, 2008 Sheil & Portik, 2008; Bona & Alcalde, 2009; Vieira et al. 2011) . Although much variation is apparent, all available developmental data from recent turtles agree in that the hooked element ossifies after metatarsals I-IV, but prior to all tarsals. A delayed ossification of the hooked element relative to metatarsals I-IV is also apparent in lizards (e.g. Rieppel, 1992a,b; Shapiro, 2002; Fabrezi et al. 2007 ) and crocodiles (e.g. M€ uller & Alberch, 1990; Rieppel, 1993b) , and was argued by Rieppel & Reisz (1999) to be generally present in all extant reptiles. The delayed ossification of the tarsals relative to the hooked element, however, is unique to turtles.
In their discussion on the primary homology of the hooked element, Fabrezi et al. (2009) noted that metatarsals I-IV ossify in synchrony well in advance of the hooked element, and suggested that the developmental offset supports the non-metatarsal identity of the hooked element. We are unaware of other authors having used sequence of ossification to justify primary homologies, but recognize the specious appeal of the argument.
The sequence of chondrification, ossification and other developmental events appears to have a genetic basis in amniotes, and changes to this sequence can therefore be used to explore phylogenetic patterns, as has been done in numerous studies (e.g. S anchez-Villagra, 2002; Jeffery et al. 2005; Germain & Laurin, 2009; Werneburg & S anchez-Villagra, 2009 Wilson & S anchez-Villagra, 2009; Maxwell et al. 2010; Mitgutsch et al. 2011; Polachowski & Werneburg, 2013; Werneburg et al. 2013) . It is apparent, however, that primary homology is not deduced from the absolute timing of chondrification or ossification, but rather from changes in this sequence relative to ancestral conditions, as inferred through outgroup analysis. A delayed onset of ossification of the hooked element relative to metatarsals I-IV is not only found in turtles, but is also generally found in all reptiles, which renders this line of evidence meaningless. As a consequence, delayed ossification of the hooked element relative to the remaining metatarsals appears to confirm the metatarsal identity of the hooked element in turtles, as had already been argued by Rieppel & Reisz (1999) .
Digital count
The digital count of the hands and feet varies widely among turtles, and variation is both apparent between species and within species (e.g. Minx, 1992; Joyce, 2000; Crumly & S anchez-Villagra, 2004; Delfino et al. 2010) . The most common digital formula among extant turtles is 2-3-3-3-3 in the hands and feet, and is optimized to be the basal condition for crown group Testudines (Hirayama et al. 2000; Joyce, 2007) . The digital count is expanded relative to this ancestral condition in various groups of highly aquatic turtles (e.g. Trionychia; Delfino et al. 2010) or reduced in various terrestrial turtles (Crumly & S anchez-Villagra, 2004; Joyce & Gauthier, 2004) .
The digital count of both autopodia varies extensively among tetrapods in general, and it is apparent that digital count cannot be utilized to determine primary homology. Fabrezi et al. (2009) nevertheless utilize digital count to infer primary homology. Their line of reasoning can be paraphrased as follows: (A) the digital count in the pes of turtles is 2-3-3-3-3; (B) if the hooked element of some embryonic pleurodires is interpreted as a metatarsal, the digital count is rendered 2-3-3-3-4; (C) if the hooked element of the same embryonic pleurodires is interpreted as a distal tarsal, the digital count is rendered the more usual 2-3-3-3-3; (D) the hooked element is therefore best interpreted as a distal tarsal. This argument is incorrect for one primary reason: the premise that the digital formula of turtles is 2-3-3-3-3 is based on the assumption that the hooked element of all turtles is indeed the fifth metatarsal. If one reaches the conclusion that the hooked element actually represents the fifth distal tarsal, then the assumption upon which the premise is based is incorrect, the premise needs to be rephrased, and the basal digital formula of turtles is rendered 2-3-3-3-2. However, this new premise implies, using the material of Fabrezi et al. (2009) , that the hooked element is a metatarsal, at which point the entire argument turns full circle. It is apparent that digital counts neither provide evidence for or against the primary homology of the hooked element, and that the extra phalanx seen in the fifth toe of some pleurodires is best interpreted as an autapomorphic acquisition relative to the basal turtle condition.
Fossil evidence, morphology and topology Fabrezi et al. (2009) compared the morphology and topological position of the hooked elements of extant turtles, lizards and crocodilians, and found a number of similarities and differences that they felt to be of importance. We herein compare the morphology of the hooked element of extant reptilian taxa, and then attempt to trace changes in the morphology and topology of this element into the past using insights from the fossil record.
The hooked element of turtles is the most block-shaped among extant taxa, articulates medially with the fourth distal tarsal and fourth metatarsal along concavities, and articulates distally with the second element of toe-V along a ball-shaped condyle that is often offset from the main body of the element (Fig. 4) . The hooked element is mostly in line with the tarsal elements, but the distal portions align with the metatarsals (Fabrezi et al. 2009 ). This morphology is already apparent among the earliest known crown turtles from the Late Jurassic of Europe and South America (e.g. Joyce, 2000; de la Fuente & Fern andez, 2011) .
The well-preserved foot of the unambiguous Late Triassic stem turtle Proganochelys quenstedti (Gaffney et al. 2007; Joyce, 2007) lacks a distal tarsal 5, but is otherwise significantly different from that of extant turtles in that the hooked element only exhibits modest hooking and mostly aligns with the metatarsals (Gaffney, 1990; figs 159 and 160) . This morphology is generally consistent with the most derived, unambiguous stem turtle Odontochelys semitestacea  fig. 1 ). The general morphology of the oldest known turtles is therefore more consistent with a metatarsal identity, and the placement of the hooked element near the distal tarsal row must be interpreted as a synapomorphy of crown Testudines (Joyce, 2007) .
In the last 20 years, a number of fossil taxa have been hypothesized to be sister to turtles, but little resolution is in sight. Turtles have been hypothesized to be sister to various groups of Palaeozoic parareptiles (e.g. Laurin & Reisz, 1995; Lee, 1997a) or the enigmatic Eunotosaurus africanus from the Middle Permian of South Africa (Lyson et al. 2010a,b; , all of which possess a straight metatarsal V and most of which possess a distal tarsal 5 (Fig. 4) . Any sister group relationship to these taxa implies that the hooking seen in turtles and/or that the formation of an ansulate bone (i.e. Fig. 4 The distribution of fifth distal tarsals, fifth metatarsals and hooked element of uncertain primary homology within Amniota. Question marks indicate commonly hypothesized phylogenetic positions of turtles.
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http://doc.rero.ch the fusion of distal tarsal 5 and metatarsal V) occurred independently in turtles from other reptiles (Lee, 1997b) . Turtles have also been posited to be sister to placodont sauropterygians along the stem of Lepidosauria, but the straight metatarsal seen in these taxa is typically interpreted as a reversal (deBraga & Rieppel, 1997; Rieppel & Reisz, 1999; M€ uller, 2004) .
The hooked element of lepidosaurs is more elongated and cylindrical than that of turtles (Fig. 4) . It also articulates with distal tarsal 4, metatarsal IV and the second element of toe-V, but the proximal contacts are convex instead of concave. Numerous processes, including the proximal hamate process, two plantar tubercles and a medial, midshaft insertion site for muscles, furthermore characterize the hooked element of lizards (see Myology above). Epiphyses adorn large muscle attachment sites, and the proximal and distal ends of the bone. The proximal portion of the element is in line with the distal tarsals, while the distal portion aligns with the metatarsals (Fabrezi et al. 2009 ). This morphology is consistent among all known lepidosaurs, including one of the earliest stem squamates, Huehuecuetzpalli mixtecus, from the Early Cretaceous of Mexico (Reynoso, 1998) and various Mesozoic stem sphenodontids, such as the Late Jurassic Leptosaurus pulchellus (e.g. Renesto & Viohl, 1997) .
There is little agreement which taxa comprise the stem lineage of Lepidosauria (Evans, 2008; Evans & Jones, 2010) . The earliest unequivocal stem lepidosaurs are kuehneosaurs (Evans & Jones, 2010) , which have a straight metatarsal V. The Late Permian to Early Triassic Saurosternon bainii has been argued by some to be a stem lepidosaur based on a fused astragalus-calcaneum and overlapping scales (e.g. Gauthier et al. 1988 ), but others have not recovered this result (e.g. M€ uller, 2004) . Saurosternon bainii has five tarsal bones and a straight metatarsal V. Together this implies the independent acquisition of the hooked element in lepidosaurs, or a reversal in kuehneosaurs and S. bainii.
The hooked element of crocodilians bridges the morphology seen in extant turtles and lizards, by being an intermediate elongate block-shaped element that lacks epiphyses, and contacts distal tarsal 4 and metatarsal IV along convexities (Fig. 4) . The fifth digit is reduced in crocodilians, and the hooked element therefore does not have distal articulations. However, numerous muscles still attach to this structure (see Myology above). The hooked element mostly aligns with the metatarsals (Fabrezi et al. 2009 ).
A series of Permian to Triassic fossils form the stem lineage of crown Archosauria (Dilkes, 1998; Modesto & Sues, 2004) . A hooked element is found in the pes of all but the basal-most stem archosaurs, the protorosaurs. These Triassic reptiles (e.g. Dinocephalosaurus orientalis; Rieppel et al. 2008 ) lack the hooked element. However, given that protorosaurs are mostly aquatic , it remains unclear if they preserve the basal amniote morphology (i.e. a large fifth distal tarsal and straight fifth metatarsal) or developed a reversal similar to that seen in the aquatic sauropterygians (see above).
Parsimony and the primary homology of the hooked element
In contrast to all previous workers, Sheil & Portik (2008) employed an explicit numerical approach to select the most parsimonious primary homology assessment for the hooked element of turtles. For this purpose, Sheil & Portik (2008) evaluated five primary hypotheses that can be briefly summarized as follows: (1) the fifth distal tarsal condenses early in embryology, but is secondarily lost; (2) the fifth distal tarsal condenses early in embryology, but eventually fuses with the fourth distal tarsal; (3) the fifth distal tarsal condenses early in embryology, but eventually fuses with the fifth metatarsal; (4) the fifth distal tarsal never forms; and (5) the fifth distal tarsal develops and eventually enlarges to form the hooked element. According to Sheil & Portik (2008) , these five hypothesis require three steps (loss of distal tarsal 5, hooking of metatarsal V, enlarging of distal tarsal 4), two steps (hooking of metatarsal V, fusion of distal tarsals IV and V), three steps (hooking of metatarsal V, enlarging of distal tarsal 4, fusion of distal tarsal 5 and metatarsal V), three steps (hooking of metatarsal V, enlarging of distal tarsal 4, non-development of distal tarsal 5) and two steps (hooking of metatarsal V, enlarging of distal tarsal 4), respectively. Although the fusion of the fourth and fifth distal tarsals (hypothesis 2) is equally parsimonious to the retention and eventual hooking of the fifth distal tarsal (hypothesis 5), Sheil & Portik (2008) favoured the latter hypothesis, as the former supposedly assumes rapid developmental change. We agree in principle with Sheil & Portik (2008) that parsimony should be employed when choosing among primary homology hypotheses, but given that all available evidence points towards a single hypothesis (see below), we see no need to utilize a numerical approach herein. In contrast to Sheil & Portik (2008) , our primary homology analysis is informed by significantly more data and it is therefore not surprising that we arrive at a different result.
The hooked element of extant turtles is situated in the pes between the rows formed by the distal tarsals and the metatarsals, and only three hypotheses therefore need to be considered seriously when assessing the evolutionary identity of this element within Amniota. The hooked element either represents: (i) the fifth metatarsal; (ii) the fifth distal tarsal; or (iii) the fusion of the fifth metatarsal with the fifth distal tarsal. Palaeontologists had long noted that the loss of the fifth distal tarsal is correlated with the formation of the hooked element (e.g. Gauthier et al. 1988 ), but no living reptile had yet been convincingly shown to exhibit a fused hooked element (e.g. M€ uller & Alberch, 1990; Fabrezi et al. 2007 Fabrezi et al. , 2009 ) and discussion has focused on the other two hypotheses.
Our study demonstrates that the endochondral nature of the hooked element in pleurodiran turtles supports the distal tarsal 5 identity of this element (Fabrezi et al. 2009 ), but that the other lines of evidence that had previously been used to support the distal tarsal identity are either specious (i.e. digital count, timing of ossification) or actually support a metatarsal V identity of the hooked element (i.e. myology, fossils and ossification pattern seen in cryptodires). Under the absence of other data, we would have concluded that the hooked element of turtles phylogenetically originated from the fifth metatarsal, but that the element had rotated during the formation of a more effective heel into the distal tarsal row and started to ossify in pleurodires endochondrally like a distal tarsal. However, our study of embryological material reveals that pleurodires and cryptodires in general exhibit two anlagen in the hooked element. The proximal of these two anlagen has the topological position of the distal tarsal 5 of basal amniotes and ossifies endochondrally, whereas the distal of the two anlagen has the topological position of the distal metatarsal V and ossifies perichondrally. Interestingly, the proximal anlage dominates the hooked element in pleurodires, whereas the distal anlage dominates the hooked element in cryptodires. The conflicting observations made by previous research groups are therefore the result of taxonomic sampling. Given that the hooked element of turtles is neither the distal tarsal 5 nor the metatarsal V alone, we suggest naming this composite bone the ansulate bone (= bone S of Ogushi, 1911) to avoid accidental suggestions of primary or secondary homology through the incorrect use of homonyms.
The presence of an ansulate bone in the heel of turtles has direct implications for the primary homology of the hooked element among reptiles. There is only limited information regarding the development of the foot in crocodilians, but the available studies have not found any evidence for a fused hooked element in this taxon (M€ uller & Alberch, 1990; Rieppel, 1993b; Lima, 2010; Lima et al. 2011; Vieira, 2011) . As a result, the element is best identified as metatarsal V. Similarly, even though only a few studies are available on the pedal embryology of lizards (Mathur & Goel, 1976; Rieppel, 1992a,b; Arias & Lobo, 2006; Fabrezi et al. 2007 ), all identified a single ossification in the hooked element and is universally interpreted as metatarsal V.
Although the presence of a metatarsal only in the hooked element of squamates and crocodilians speaks against their primary homology with the ansulate bone found in turtles, we are careful at the moment to advocate their primary non-homology based on these putative differences. In contrast to the limited number of studies that are available for the embryology of squamates and crocodilians, numerous studies that cover all primary regions of tree space exist on the development of turtle limbs (Burke & Alberch, 1985; Rieppel, 1993a; Sheil, 2003a,b; Sheil & Greenbaum, 2005; S anchez-Villagra et al. 2007a S anchez-Villagra et al. ,b, 2008 S anchez-Villagra et al. , 2009 Santos & Vieira, 2007; Sheil & Portik, 2008; Vieira et al. 2009; Werneburg & S anchez-Villagra, 2009 ). Yet, with the exception of a single study (i.e. S anchez-Villagra et al. 2007a) , none found any data that even hinted at the possibility that turtles possess a composite, ansulate bone [Ogushi (1913) suggested this identity but did not present any data]. We explain this issue with three interrelated observations. Firstly, in all extant turtles, one of the two anlagen in the ansulate bone is very poorly developed and therefore easily overlooked. Secondly, standard preparation methods can inadvertently destroy evidence of one of the two anlagen (i.e. dissolution of thin perichondral membranes by acidic staining solutions). And thirdly, all previous studies focused on general ossification patterns of the entire hind limb, instead of the identity of the hooked bone alone. Given that our focused efforts led to the discovery of the ansulate bone in turtles, we think it to be highly plausible that future studies may find evidence of an ansulate bone in lepidosaurs and crocodilians, and advise caution and more studies over premature conclusions.
The secondary homology of the hooked bones among reptiles
We concur that congruence should be the ultimate arbiter of secondary homology (e.g. Nelson & Platnik, 1981; Rieppel, 1988; Joyce & Sterli, 2012) , and that the final story of evolution will ultimately be read directly from the tree of life. As a consequence, if turtles phylogenetically derived from an ancestral lineage well documented to lack an ansulate bone -perhaps either archosaurs or lepidosaurs -then we would ultimately have to conclude that the endochondral ossification found in turtles is a neomorph and not the phylogenetic vestige of distal tarsal 5. Given that the placement of turtles within amniote remains far from resolved (see Introduction for summary) and given that the pattern is fully clear within extant reptiles, it is apparent the data are not sufficient to reach final conclusions.
Our brief review of the fossil record does not provide any further data that might help resolve this situation, as all taxa of relevance also have controversial phylogenetic positions. The oldest unambiguous representatives of the turtle, lepidosaur and archosaur lineages display the morphology seen in their living relatives. By contrast, a number of candidate taxa with turtle, lepidosaur and archosaur affinities (i.e. Eunotosaurus africanus, Saurosternon bainii and protorosaurs, respectively) possess a full suite of distal tarsals and thereby hint at the possibility that the hooked element originated multiple times among amniotes. Multiple origins would perhaps explain differences that are apparent among various groups of descendants and the isolated presence of an ansulate bone in turtles, but the unclear identity of the hooked element in both lepidosaurs and archosaurs again prohibits any firm conclusion. We are therefore left to encourage biologists and palaeontologists to address this issue together by clarifying the developmental identity of the hooked bones in lepidosaurs and crocodilians, and by fully resolving the phylogeny of amniotes.
